We have monitored the isothermal transformation kinetics of the austenite phase into the martensite phase in a metastable austenitic maraging steel by time-dependent magnetization measurements for temperatures from 4 to 298 K and continuous applied magnetic fields up to 30 T. The transformation kinetics is shown to be accelerated by several orders of magnitude when high magnetic fields are applied.
Introduction
Maraging steels are a modern class of high-strength steels that show an isothermal martensitic phase transformation. The unusual time-dependent formation of martensite at a constant temperature was first observed by Kurdjumov and Maksimova [1, 2] in a Fe-Mn alloy and has subsequently been reported for several other systems, such as Fe-Ni-Cr and Fe-Ni-Mn alloys [3, 4] . In these systems the martensite fraction strongly depends on both the holding time and the temperature below the martensitic transformation temperature. In contrast, for the more common athermal martensitic transformations the martensite fraction is solely governed by the lowest temperature reached.
Several models have tried to reproduce the experimental C-curve kinetics associated to the isothermal formation of martensite [5] [6] [7] , but have so far not been able to unravel the martensite nucleation mechanism in detail. Experimentally it was found that the martensite formation is not only a function of time and temperature, but can also be induced by e.g. pulsed magnetic fields [8, 9] . In the present paper we will show how continuous magnetic fields up to 30 T were used to accelerate the isothermal transformation from austenite to martensite and to in-situ monitor the realtime kinetics of the diffusionless martensite formation. Other studies recently focussed on the influence of high magnetic fields on diffusional solid-state phase transformations in steel [10] [11] [12] [13] [14] [15] [16] .
Time-resolved magnetisation measurements
We have performed time-resolved magnetization measurements for temperatures from 4 to 298 K in continuous magnetic fields up to 30 T. Fig. 1 summarizes our results at a fixed temperature of 233 K. These experiments were performed with an extraction magnetometer on samples of dimensions 3 5% is present in the form of fine precipitates [18] . The transformation results in a strong increase of the sample magnetization M. For our specific multiphase material M can be described as a superposition of its constituents' magnetization:
where H is the applied magnetic field, M s,' is the saturation magnetization of the newly formed martensite phase,   the magnetic susceptibility of the transforming austenite phase,   the magnetic susceptibility of the stable chi-phase, and f i are the volume fractions of the three phases with f
during the linear field ramps at the start and the end of the experiment allows for an independent determination of the paramagnetic susceptibility of the transforming austenite phase and the stable Chi phase. As no significant transformation is observed for fields up to 15 T during the field ramp, the sample susceptibility amounts to [19] .
At the start of the magnetization measurements the magnetic field was increased at a constant sweep rate of 10 T/min until the maximum field was reached.
Part of the austenite phase was already transformed during this initial field ramp and 
Austenite to martensite transformation kinetics
With this approach the sample magnetization can now be translated into the transformed martensite fraction as a function of the effective transformation time (t eff )
at a constant applied magnetic field. As shown in Fig. 2 , the transformation shows a cross-over behaviour for a fraction of about 25% and reaches a maximum, field independent, volume fraction of about 80%. Remarkably, the transformation rate increased by orders of magnitude when magnetic fields up to 30 T were applied:
whereas the transformation at T = 233 K (the temperature where the zero-field transformation rate was reported to be maximized [4] ) took about 2 months to complete in zero field [18] , only a few minutes were required to reach a final martensite fraction of about 80% in a magnetic field of 30 T.
Discussion
In Fig In Fig. 3b we show the temperature dependence of the transformation time at a fixed magnetic field of 20 T. The observed C-shaped curves can be described by two independent terms: the driving force for nucleation and a mobility term. As martensite growth is extremely fast, the kinetics for the isothermal formation of martensite is purely controlled by the nucleation rate:
where ' V  is the average volume of the martensite plates and ' / dN dt  the nucleation rate of the martensite plates. The nucleation rate is controlled by two competing exponential contributions:
The first exponential term is the driving force for the nucleation with A fitting of the temperature dependence of the transformation times at 20 T reveals that n = 2 for our system. It is interesting to note that an index of n = 4 is predicted by the classical nucleation theory for martensite plate nucleation [20] [21] [22] .
This prediction has never been confirmed experimentally and is clearly contradicted As shown in Fig. 4 the activation energy Q is found to range from 5 to 10 kJ/mol, depending on the fraction transformed. This variation in Q is also reflected in the temperature T nose for which the maximum transformation rate is observed. The obtained values for Q are small compared to the activation energy for the movement of individual atoms in austenite (284 kJ/mol) [23] , but in good agreement with previous studies on similar austenitic steels [24] , which proposed that the movement of dislocations is the rate limiting step for martensite nucleation at low temperatures.
The experimental observation that Q depends on the fraction transformed in this system indicates that the mobility of dislocations, required for the nucleation of martensite plates, is affected significantly by the transformation strain accumulating in the untransformed austenite matrix.
The overall transformation kinetics of this system is well described by: value is found. Finally, it is interesting to note that no significant texture was observed for the martensite plates when the samples were transformed in high magnetic fields.
Conclusions
In summary, we have monitored the isothermal transformation kinetics of the austenite phase into the martensite phase in a metastable austenitic maraging steel by 
The integral for the actual time (linearly increasing field)
corresponds to the integral for the effective time (constant field)
A comparison leads to an expression for the effective transformation time: 
